X-ray photoelectron spectroscopy study of high-k CeO2/La2O3 stacked dielectrics
Zhang, Jieqiong; Wong, Hei; Yu, Danqun; Kakushima, Kuniyuki; Iwai, Hiroshi
Published in:
AIP Advances
Published: 01/11/2014

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record
License:
CC BY
Publication record in CityU Scholars:
Go to record
Published version (DOI):
10.1063/1.4902017
Publication details:
Zhang, J., Wong, H., Yu, D., Kakushima, K., & Iwai, H. (2014). X-ray photoelectron spectroscopy study of high-k
CeO2/La2O3 stacked dielectrics. AIP Advances, 4(11), [117117]. https://doi.org/10.1063/1.4902017

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.
General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.
Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 09/01/2023

X-ray photoelectron spectroscopy study of high-k CeO2/La2O3 stacked dielectrics
Jieqiong Zhang, Hei Wong, Danqun Yu, Kuniyuki Kakushima, and Hiroshi Iwai

Citation: AIP Advances 4, 117117 (2014); doi: 10.1063/1.4902017
View online: https://doi.org/10.1063/1.4902017
View Table of Contents: http://aip.scitation.org/toc/adv/4/11
Published by the American Institute of Physics

Articles you may be interested in
Size dependency variation in lattice parameter and valency states in nanocrystalline cerium oxide
Applied Physics Letters 87, 133113 (2005); 10.1063/1.2061873
Current conduction and stability of CeO2/La2O3 stacked gate dielectric
Applied Physics Letters 101, 233507 (2012); 10.1063/1.4768943
Cerium oxide nanoparticles: Size-selective formation and structure analysis
Applied Physics Letters 80, 127 (2002); 10.1063/1.1430502
Ceria nanoparticles: Size, size distribution, and shape
Journal of Applied Physics 95, 4319 (2004); 10.1063/1.1667251
Defect and transport properties of nanocrystalline CeO2-x
Applied Physics Letters 69, 185 (1996); 10.1063/1.117366
TiO2 by XPS
Surface Science Spectra 4, 227 (1996); 10.1116/1.1247794

AIP ADVANCES 4, 117117 (2014)

X-ray photoelectron spectroscopy study of high-k
CeO2/La2O3 stacked dielectrics
Jieqiong Zhang,1 Hei Wong,1,2,a Danqun Yu,2 Kuniyuki Kakushima,3
and Hiroshi Iwai3
1

Department of Electronic Engineering, City University of Hong Kong, Tat Chee Avenue,
Kowloon, HONG KONG
2
Department of Information Sciences and Electronic Engineering, Zhejiang University,
Hangzhou, CHINA
3
Frontier Research Center, Tokyo Institute of Technology, Nagatsuta-cho,
Yokohama, 226-8502, JAPAN

(Received 29 August 2014; accepted 24 October 2014; published online 13 November 2014)
This work presents a detailed study on the chemical composition and bond structures
of CeO2/La2O3 stacked gate dielectrics based on x-ray photoelectron spectroscopy
(XPS) measurements at different depths. The chemical bonding structures in the
interfacial layers were revealed by Gaussian decompositions of Ce 3d, La 3d, Si
2s, and O 1s photoemission spectra at different depths. We found that La atoms
can diffuse into the CeO2 layer and a cerium-lanthanum complex oxide was formed
in between the CeO2 and La2O3 films. Ce3+ and Ce4+ states always coexist in the
as-deposited CeO2 film. Quantitative analyses were also conducted. The amount of
CeO2 phase decreases by about 8% as approaching the CeO2/La2O3 interface. In addition, as compared with the single layer La2O3 sample, the CeO2/La2O3 stack exhibits
a larger extent of silicon oxidation at the La2O3/Si interface. For the CeO2/La2O3
gate stack, the out-diffused lanthanum atoms can promote the reduction of CeO2
which produce more atomic oxygen. This result confirms the significant improvement
of electrical properties of CeO2/La2O3 gated devices as the excess oxygen would
help to reduce the oxygen vacancies in the film and would suppress the formation
of interfacial La-silicide also. C 2014 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4902017]
I. INTRODUCTION

Rare-earth (RE) lanthanum oxide (La2O3) has attracted extensive attention as a promising
candidate of gate dielectrics for next generation deca-nanoscale complementary metal-oxide-semiconductor (CMOS) applications. Lanthanum oxide has several outstanding features, such as high
permittivity (k∼27), large energy gap (5.8∼6.55 eV), and suitable conduction band offset with silicon
( > 2 eV).1,2 However, there are some fundamental problems, such as hygroscopic nature, thermal
instability, and poor interface properties with Si substrate, associated with the La2O3 film and need
to be resolved in order to achieve better electrical and materials properties for high performance
devices.3,4 In particular, its high amount of oxygen vacancies has been recognized as one of the
key issues for the deteriorated material stability and device reliability. The large amount of oxygen
vacancies in the bulk of La2O3 film would result in channel mobility degradation as well as threshold
voltage shift. Additionally, oxygen vacancies can also induce the out-diffusion of substrate Si into
the La2O3/Si interface and the bulk oxide as well. These effects will impede the realization of the
smallest equivalent oxide thickness (EOT) due to the formation of low-k silicate layer.5–7 Several
methods, such as element doping, thermal annealing, and the adoption of alloy forms of complex
oxides, have been proposed to resolve these issues.8–10
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Recently, a novel CeO2/La2O3 gate stacked structure was proposed to control the level of oxygen vacancies in La2O3 film. The multivalent cerium oxides (in CeO2 and Ce2O3 phases) have a
smaller oxygen chemical potential and thus have low amount of oxygen vacancies. Cerium oxide
can serve as a self-adapted oxygen reservoir. It supplies extra oxygen atoms to the La2O3 film
so as to reduce the oxygen vacancies therein. It has already been confirmed that more favorable
electrical performance can be achieved with this structure.5–7 However, the interface interactions of
CeO2/La2O3 and La2O3/Si in the CeO2/La2O3 stacked structure have not been explored yet. Only
few very primitive works on the bonding structures of the CeO2/La2O3 stacks were reported. These
works seem do not provide sufficient information for supporting the observed electrical results.
To further improve the performance and reliability of devices, it is critical to have a better understanding on the chemical reactions taken place at the interfaces. With this connection, this work
conducts a detailed study on the bonding structure as well as the chemical composition at different
depths of the as-deposited CeO2/La2O3 stack by using x-ray photoelectron spectroscopy (XPS)
measurements. By using Gaussian deconvolution technique, we made some further analyses on the
distribution of Ce3+ states and Ce4+ states in CeOx layer so as to investigate the material interactions
occurred at the CeO2/La2O3 and La2O3/Si interfaces.

II. EXPERIMENT

Tungsten/CeO2/La2O3 gate stack was deposited on n-type Si (100) substrates as follows. A
La2O3 layer of about 5 nm thick and then a CeO2 layer of about 2 nm thick were prepared by
electron beam evaporation in an ultra-high vacuum chamber with a pressure of about 10−7 Pa. The
tungsten gate electrode of about 3 nm thick was then deposited in situ using magnetron sputtering
to avoid any moisture absorption and potential contamination. The film thicknesses were measured
using an ellipsometer and confirmed with transmission electron microscopy (TEM) measurements.
The chemical composition and the bonding structures of the as-deposited W/CeO2/La2O3/Si gate
stack at different depths were revealed by using x-ray photoelectron spectroscopy (XPS) measurement. The XPS machine is Physical Electronics Model PHI 5802 spectrometer with monochromatic
Al Kα radiation energy of 1486.6 eV. Depth profiling was done by using Ar+ sputtering at a rate of
about 0.67 nm/min. The energy resolution is 0.1 eV.

III. RESULTS AND DISCUSSION

Fig.1 shows a typical atomic concentration profile of the stack we grew and a schematic diagram of the sample. With argon sputtering, we are able to register the composition change along
the depth. As shown in Fig.1(b), in addition to the W, CeO2, and La2O3 bulk layers, interfacial
layers between the CeO2/La2O3 and the La2O3/Si, indentified as, respectively, for the sputtering time
between 11-16 min and 20-30 min, are also quite obvious. As will be shown later, CeO2 and Ce2O3
co-exist in the CeO2/La2O3 interface region. The reduction of CeO2 phase can be understood with
the following reaction:5,7
4CeO2 ↔ 2Ce2O3 + O2.

(1)

For sputtering time during 16 ≤ t ≤ 20 min, it shows that the Ce content is very low and La
dominates. This is the region of the bulk layer of La2O3 film. As sputtering into deeper, there is a
region (for sputtering time between 20 to 30 min) notable La and Si contents which is attributed to
the interfacial silicate layer at the La2O3/Si interface. This region seems to be quite thick but a TEM
picture show that the La2O3/Si interface of this sample is quite sharp (see Fig. 1(c)). The interface
silicate layer may be formed due to the recoil of La ions into the substrate and also the substrate
oxidation from the decomposed oxygen during argon profiling.
Fig. 2 depicts a Ce 3d spectrum taken from the bulk CeO2. The Ce 3d spectrum exhibits Ce
3d5/2 and Ce 3d3/2 spin-orbit doublet peaks, respectively, at 881.4 and 899.9 eV. The strong satellite
peaks locating at around 885.7 eV and 904.2 eV are due to the Ce3+ bonding of Ce2O3. These
findings agree well with the data reported in the literatures.11–14 The present bulk Ce 3d spectrum
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FIG. 1. (a) XPS depth profile of the as-deposited W/CeO2/La2O3/Si sample revealed by using argon sputtering as a rate of
about 0.67 nm/min. (b) Schematic diagram indicating the layered structure with transition region between CeO2 and La2O3 ,
and between La2O3 and Si. (c) Typical TEM picture of the cross-section of the sample.
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FIG. 2. Typical XPS spectrum of Ce 3d in the bulk of CeO2 film.

indicates the co-existence of Ce3+ and Ce4+ bonding states. The recorded significant reduction of
CeO2 may be partially due to the reduction produced by the Ar sputtering.14,15 In addition, the
as-deposited CeO2 layer should also contain high amount of Ce2O3 phases. Nevertheless, depth
profiling on the relative change of the Ce3+ bonding states should still be able to reveal the additional reduction effect due to the La2O3 layer.16 Fig. 3 shows the Ce 3d XPS spectra taken from
different depths, with sputtering time ranging from 9.5 min and 16 min. As the sputtering proceeds,
slightly lower energy shift of the Ce 3d5/2 peak from 881.4 eV to 881.2 eV was first observed
for sputtering during 9.5 to 13 min. However, further sputtering would result in a higher energy
shift instead (see Fig.3(b)). These phenomena are attributed, respectively, to the Ce-O-La bonding
and the Ce-O-Si bonding. Unlike the bulk Ce-O-Ce bonding, the electron cloud on O would move
closer to the Ce side in a Ce-O-La bonding because the Ce atom has slightly larger electronegativity
(χCe = 1.12) than La atom (χLa = 1.10).5 Thus Ce 3d5/2 has a slightly lower binding energy during
the period 9.5 ≤ t ≤ 13 min because of the formation of Ce-O-La complex bonding. As sputtering
closer to the bulk of La2O3 (during the period of 13 to 16 min), the high-energy shift of the Ce 3d5/2
peak may be due to the Si atoms in the La2O3. It was reported that Si can readily diffuse into the
La2O3 via the oxygen vacancies.8 The forming of Ce-O-Si bonding causes the high-energy shift as
Si has a much larger electronegativity (χSi = 1.9).17
Ce 3d XPS spectra are much more complicated than other high-k materials due to the hybridization between the 4f levels and the O 2p states.14 Both Ce 3d5/2 and Ce 3d3/2 levels are composed

FIG. 3. Ce 3d XPS spectra at different depths: (a) for sputtering time between 9.5 and 13 min; and (b) sputtering time
between 13 and 16 min.
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of five different states, labeled as V and U refer, respectively, to the Ce 3d5/2 and Ce 3d3/2 spin-orbit
components. By using Gaussian deconvolution technique, we found that the recorded spectra
can be decomposed into nine peaks, namely, V0 (881.05 eV), V′ (885.83 eV), U0 (899.65 eV),
U′ (904.3 eV) corresponding to Ce3+ species, and V (882.52 eV), V′′ (888.2 eV), V′′′ (898.0 eV),
U (901.13 eV), U′′ (907.2 eV) corresponding to Ce4+ species (see Fig.3(a)). These fitting results
are consistent with other published reports.11,18,19 The decomposed spectra further confirm that both
Ce3+ and Ce4+ states are co-existed in the CeO2 layer. As shown in Fig. 3, when being sputtered
deeper into the CeO2/La2O3 interface, it is obvious that the peak of Ce3+ state (V0, V′, U0, and U′)
become stronger than that of the Ce4+ states (V, V′′, V′′′, U, and U′′).
To have a clearer picture on the amount of the CeO2 reduction, we conduct a quantization
analysis on ratio of Ce3+ and Ce4+ bonding composition. As mentioned, the V0, V′, U0, and U′
constitute the Ce3+ states, the amount of this state should be governed by the total area of these
peaks, i.e.
[Ce3+] = U′+U0 + V′+V0

(2)

[Ce4+] = U′′′+U′′+U + V′′′+V′′+V

(3)

Similarly for Ce4+ state, we have:

The total fraction of the cerium in the Ce

3+

[Ce3+]% =

state (also referred to the degree of reduction) is:
[Ce3+]
×100%
[Ce ] + [Ce3+]
4+

(4)

Noting that the U′′′ state (∼916 eV) for Ce4+ was not taken into account due to the limited energy
range in the experiment. It would introduce some errors for the figures given above.
Using the approach given above, we obtained the ratio of Ce3+ content at different depths
as indicated in Fig. 4. In the vicinity of the W/CeO2 interface (t = 9.5 min), the percentage of
Ce3+ content is about 71.9% which is slightly smaller than the CeO2 bulk of 77.6% (see the trace
with sputtering time of 11 min). At the CeO2/La2O3 interface, the Ce3+ content increases to over
80%. It is noted that the smallest percentage of Ce3+ is still over 71.9%. The high Ce3+ content
should be partially due to the artifact produced by Ar sputtering during XPS measurements. It was
reported that Ar or ion beam can result in CeO2 reduction.14,15 A large amount of Ce2O3 should
also be formed during the deposition. Further increase of Ce3+ content as sputtering closer to the
CeO2/La2O3 interface indicates that the lanthanum oxide had facilitated the reduction of cerium
oxide because of the larger amount of oxygen vacancies in the La2O3 film.5,18
Figure 5 shows the La 3d spectra taken from different locations of the W/CeO2/La2O3 by sputtering. The La 3d3/2 spectra demonstrate a double peak structure with main peak energy of 851.0 eV
and satellite peak energy of 855.6 eV.1 As being sputtered deeper into the film, the doublet shows
a slight high-energy shift to 851.3 eV. This shift is attributed to the presence of the Ce-O-La bond
in the CeOx-La2O3 mixture layer and that agrees with the Ce 3d result as given above. After 13 min
sputtering, i.e. closed to the bulk La2O3, the La 3d spectra shift to higher energy side because of the
present of Si neighbors for the La bonding. In the La2O3/Si interface region, with sputtering time
between 20 to 30 min, the main peak of La 3d3/2 shifts to even higher energy at 852.6 eV and the
intensity of the satellite peak becomes weaker indicating more silicate bonding (La-O-Si) formed
at the interface. No obvious signal corresponding to La-Si bonding can be detected at the La2O3/Si
interface.
Fig. 6(a) and 6(b) depict the Si 2s XPS spectra and Gaussian deconvolution results for the
as-deposited W/CeO2/La2O3/Si sample. The peak at 150.5 eV is due to the Si-Si bonds and the
high-energy shifts of the peaks are attributed to the La-rich lanthanum silicate or the Si-rich
lanthanum silicate. The Si 2s peak shifts to 153.8 eV after being sputtered for 20 min. It represents
the SiO2 bonding at the SiO2/Si interface. In order to further study the effect of CeO2 on the
La2O3/Si interface, we compare the Si 2s spectra with the sample without CeO2 capping. Detailed
comparison and peak decomposition at three different locations, corresponding to the bulk La2O3,
the La-rich silicate near La2O3/Si interface, and the Si-rich silicate near La2O3/Si interface, are

117117-6

Zhang et al.

AIP Advances 4, 117117 (2014)

FIG. 4. Deconvoluted Ce 3d spectra by using Gaussian decomposition. The percentages of Ce3+ content indicated in the
figure were calculated from the total area of peaks corresponding to Ce3+ ions (i .e. V0, V′, U0, and U′ peaks) as a fraction of
total peak area corresponding to both Ce3+ and Ce4+ ions.

FIG. 5. XPS spectra of La 3d taken at different depths for the as-deposited La2O3 film in the CeO2/La2O3 gate stack
corresponding to sputtering time: (a) 10.5∼13 min (CeO2 bulk), (b) 13∼30 min (CeO2/La2O3 interface, bulk La2O3, and
La2O3/Si interface).
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FIG. 6. Comparison of the Si 2s XPS spectra in the CeO2/La2O3/Si and La2O3/Si stacks: (a) Si 2s XPS spectra of the
CeO2/La2O3/Si stack at different depths; (b) Si 2s XPS spectra of the La2O3/Si stack at different depths; Comparison of Si
2s spectra with Gaussian peak decomposition near the La2O3 surface or the CeO2/La22O3 interface (c), near the La2O3/Si
interface (d), and close to the Si substrate (e). The markers are raw data, the broken curves are the Gaussian deconvolution
results, and the solid lines represent the spectra synthesis from deconvoluted peaks.

shown in Fig. 6(c) to (e). For the Si 2s interface spectrum near the bulk side of La2O3 of the
CeO2/La2O3 sample, i.e. at sputtering time t = 20 min, an additional peak with energy of 153.8 eV
corresponding to the Si-O-Si phase is observed. It suggests that oxidation of La-Si bonding at the
interface had been taken place. For sample without CeO2, no Si-O bonding is observed, instead, a
weak La-Si bonding signal at around 148.4 eV was found at the La2O3/Si interface. It implies that
the additional oxygen provided by the capping CeO2 film would promote silicon or La-Si oxidation.
This reaction would help to improve the quality of La2O3/Si interface layer and thus leads to better
electrical characteristics of the devices.6
The conjectures given above are further confirmed with the O 1s spectra as shown in Fig. 7.
As shown in Fig. 7(a), several different kinds of bonding were observed as sputtering from CeOx
layer (9.5 min) to near silicon substrate (27 min). Along the depth direction, we can observe first
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FIG. 7. (a) O 1s photoelectron spectra taken at different locations of the as-deposited CeO2/La2O3/Si stack; (b) deconvoluted
results of the O 1s photoelectron spectra at different depths corresponding to sputtering time at 11 min, 13.5 min, 16 min,
20 min, and 27 min. The markers represent the raw data, the broken curves are the Gaussian deconvolution results, and the
solid lines are the spectra synthesized from deconvoluted peaks.
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a slight low-energy shift from 530.5 eV to 530.3 eV (9.5 ≤ t ≤ 13.5 min) due to appearance of
La-O-La (with O 1s energy of 528.8 eV) in the CeOx film, and then a high-energy shift to 531.0 eV
(after sputtering time >13.5 min) because of the formation of silicate. Fig. 7(b) also depicts the
decomposed O 1s peaks at different depths. For t = 11 min, the O 1s spectra of the CeOx layer
can be decomposed into three peaks corresponding to Ce3+ (530.6 eV) or Ce4+ (529.8 eV and
531.8 eV).17 For t = 13.5 min, the broad O 1s peak is constituted by both Ce-O bonding and La-O
bonding. It further verifies that cerium-lanthanum complex oxide was formed. As etching closer to
the CeO2/La2O3 interface, the intensities of Ce (III)-O bonding and La-O bonding become stronger
while the intensity of Ce (IV)-O bonding decreases, indicating more reduction of Ce4+ to Ce3+ near
the La2O3 film. This result agrees with the [Ce3+] fraction as calculated from the Ce 3d spectrum as
shown in Fig. 3. At the La2O3/Si interface (t = 20 min), the O 1s spectrum can be deconvoluted into
La-O-Si (530.6 eV) and Si-O (531.5 eV). It confirms that the excess oxygen from CeO2 layer can
cause the interface oxidation and that is consistent with the Si 2s spectra given in Fig. 6.

IV. CONCLUSION

The chemical composition and the bond structure of the CeO2/La2O3/Si stack at different
depths have been studied in detail by using x-ray photoelectron spectroscopy (XPS) measurements.
Gaussian deconvolutions of the Ce 3d, Si 2s, and O 1s spectra at different depths reveal the material
interactions in this stacked structure. Results indicate that cerium-lanthanum complex oxide was
formed at the CeO2/La2O3 interface. Ce3+ and Ce4+ states always co-existed and the amount of
Ce2O3 was over 70% in the as-deposited CeO2 film which may be partially due to the reduction
effect due Ar sputtering during XPS measurements. Near the CeO2/La2O3 interface, the Ce2O3
content increases to over 80% indicating the serious oxygen deficiency in La2O3 film which has
caused the reduction of cerium oxide to lower oxidation state. Different to the La2O3 sample without
the CeO2 capping, the CeO2/La2O3 stack exhibits interface oxidation at the La2O3/Si interface due
to the present of excess oxygen from the capping CeO2 layer. These observations explained the
improved electrical characteristics of MOS transistors using CeO2/La2O3 as the gate dielectrics
reported earlier.9
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